Hence, the overall attention paid to detail in design and construction is less than proportional to its ultimate importance to the efficient, and in certain cases safe, operation of the facility. This paper highlights the principal areas of consideration when specifying and designing warehouse floor slabs, identifies certain existing good and bad practices, and suggests the way forward to ensure that these floors are always constructed so as to be fit for purpose.
Floor slab function
Simply, a floor slab functions to distribute, without deformation or cracking, the loads applied to it to the weaker sub-grade below, in the case of a ground-bearing slab, or to the Such specifications are unrepresentative of the actual loading patterns to which slabs in warehouse facilities are subjected. Only in rare cases of block-stacking is the u.d.l. condition relevant, and even here the aisles are unloaded, thus the aisle width itself may become a more critical factor in the design.
3. Neal and Judge addressed this issue by defining non-dedicated warehouse floor loading in terms of four classes.' Each of the proposed classes had typical critical loadings specified, depending on floor use. These are reproduced in Table 1 . Specifying floor loading requirements in terms of a class which has a set of parameters associated with it is very useful as all parties can be confident (from a loading point of view) that the floor will be fit for purpose. Today, this classification remains the safest, most cost-effective, means of specifying speculative warehousing.
4. When warehouse floors are to be designed for a known set of loadings, the specification should include both the magnitude and distribution of the point loads, any restrictions to be placed on the proximity of joints in relation to these loads, and the frequency of any dynamic loads such as fork-lift truck movements.
Structural design
5. If a slab in a warehouse is to be durable then random cracks are to be eliminated, since under trafficking these will deteriorate, possibly ultimately rendering the surface unserviceable. Cracks result from tensile stresses exceeding the tensile capacity of the concrete. In ground slabs one of the causes of these stresses is slab flexure under load. In other flexural applications the high compressive strength of concrete is exploited and it is reinforced with steel to provide the necessary tensile strength. In order for this reinforcement to contribute to the load-carrying capacity of the composite section, the concrete in the tension zone has to crack. This is clearly not desirable in floor slabs. Non-suspended ground slabs should therefore be designed such that the flexural stresses generated under and around loads do not exceed a factored proportion of the tensile strength of the concrete.
Ground-bearing slabs ground-bearing slab design is taken as that of an elastic medium. Tensile stresses induced in the slab by point loads are, however, quite insensitive to variations in the modulus of sub-grade reaction (see Table 2 : Based on characteristic concrete strength of 40 N/mm2.
with the previously described principles and documents.
9. Ground-floor slabs are still found with fabric specified in the top and bottom. This is fundamentally wrong, unless the slab has been designed as suspended between piles or beams. The practice of incorporating relatively light fabric to ' span any soft spots' is not consistent with any recognized method of design, and the moment of resistance of such a section is in any case likely to be less than an unreinforced one of the same depth.
Suspended ground-floor slabs 10 . Suspended slabs are usually designed as flat slabs, and occasionally as simply supported between ground beams. The latter solution is preferred. This allows for stress relief joints to be detailed over the beams, and by constructing the beam-slab interface so that no connection occurs there is no inhibition to free movement of the slab. As a result, there is significantly less risk of random shrinkage cracking occurring than with flat slab design where considerable restraint is imparted into the slab by the piles or 'drops'. Structurally the beams can also double as portal ties.
11. Some designers consider flat slabs to be more economic. For simplicity, flat slabs are usually designed based on a u.d.l., which, as shown, does not reflect the true loading pattern, and unexpectedly severe cracking sometimes occurs. To help prevent this, steel must be 14. Polypropylene fibres do not contribute to the load carrying capacity of slabs. The use of glass fibre reinforcement in ground-floor slabs is in its infancy, but this promising development may combine the benefits of polypropylene fibres evident during the plastic concrete state with increased slab flexural capacity.
Portal ties
15. When designing slabs it is still common practice to tie the slab into the portal frame in order to accommodate the horizontal thrust from the legs. This is to be discouraged, and separate ties under the slab designed, as recommended by Deacon.8 Since ground-bearing slabs fail under flexure, it is clear that any additional tensile stress will reduce the concrete's ability to withstand the loads applied to it. By good fortune, the designers' details and site practice do not always result in fully tying the portal frame, and induced stresses tend to be significant only at the perimeter of the slab, where it is usually relatively lightly loaded. However, even in these instances, cracking often occurs as a result of the ties restraining the natural drying shrinkage of the concrete.
Floor joints
16. It is widely acknowledged that joints provide the greatest source of problems in industrial floors, including warehouses. Careful planning of joint location and clean detailing are essential to minimize the risk of damage to the potentially vulnerable edges of these, particularly in respect of construction joints.
Publications by Deacon,8 the Concrete Society,6
and others illustrate typical joint details, and many floor constructors and specialist suppliers promote their own solutions. However, few, if any, of the details given are appropriate for all situations, and it is important to understand what the intended purpose of each particular type of joint is.
17. Joints are provided in ground-bearing slabs for two principal reasons: first, as construction joints, the number and location of which are related to the method adopted and to the tolerances specified; and second, for the purpose of limiting tensile stresses in the concrete resulting from thermal and drying shrinkage movements and hence to eliminate random cracking, collectively known as 'control joints'. It has been accepted for many years that expansion joints are not required in slabs on ground constructed within a weathered building envelope.
18. For suspended slabs not designed as simply supported, the Concrete Advisory Service advocates the pouring of these in sections as large as practical.9 Control joints are not applicable, and shrinkage crack control is achieved by appropriate reinforcement design and detailing. Joints in simply supported suspended slabs may be detailed as if ground-bearing, subject to construction or control joints perpendicular to the direction of span being located directly over the support beams, and the reinforcement detailed accordingly.
Construction joints
19. Ideally, construction joints should be eliminated altogether wherever possible. Provided that tolerances are not too onerous, areas up to 4000 m2, or more, can be poured continuously in one day using large-pour construction techniques. Clearly, this enables many facilities to be installed free of construction joints, and dramatically reduces the numbers required in many others. With a minimum of construction joints it is much easier to detail these in low-traffic areas or, if this is not possible, to allow for incorporating high-performance details without contributing significantly to the overall cost of the floor. 20. In warehouse floors with onerous tolerances, which, in order to meet these requirements, require more frequent joints, the longitudinal construction joints should be located beneath the racking system, the ideal location for these joints being mid-way points between the front and back legs of the racks, with the transverse joints located at the mid-points of the racking entry bays. This not only ensures that the vast majority of the most troublesome construction joints are not subject to traffic, but may also allow for a more economical structural design, through the elimination of critical corner point load conditions. Consideration should always be given to specifying a large-pour floor in the ' free movement' areas outside of the racked area.
21. Particular care with both workmanship and detailing should be exercised at 'free joints', i.e. where the dowels are debonded. By design, these joints will open up over time, and, particularly in the case of large-pour floors where the spacing may be very large, the final width can be considerable. Some documents recommend the incorporation of a sealing groove at the time of construction. This can be very difficult to form, and tends to be covered in ' laitence'. Joints formed using very straight square-edged formwork, sawn 3 mm wide after some of the initial movement has taken place, have proved more successful. For large-pour floors the use of steel angle reinforcement at these free joint edges is highly desirable, and is essential at perimeter doorways subject to fork-lift truck traffic. Provided that care is taken to ensure adequate anchorage and that the angles do not twist or rotate during concrete placement, these provide an excellent detail. As a good practice, this detail should be adopted in all trafficked perimeter locations, whatever the method of construction.
22. If joints are located ' for the future', but break down after six months, the facility will be disrupted and the future becomes even more uncertain. It is essential that the floor works on day one; only then will it be considered fit for purpose.
Control joints 25. Control (or contraction) joints should preferably be formed by saw-cutting with a diamond-tipped blade within 24 hours of concrete placement. The use of plastic inserts, or similar methods of forming grooves in the wet concrete, should be discouraged in warehouse floors, because the insertion of these involves disturbing the surface, and consequently creates unnecessary difficulties in obtaining fine tolerances. Further, saw-cutting at the appropriate time provides a much neater joint. Although the initial cost of saw-cutting is higher, particularly in areas of flint or similar hard aggregates, the long-term costs of disruption in the event of joint breakdown of a poorly inserted strip are clearly many times the initial additional outlay. Under no circumstances should top and bottom crack inducers be specified. There is no guarantee that these will align vertically, and in all probability a crack propagating from the bottom inducer will occur close to, but not coinciding with, the top one.
26. Saw-cutting must itself be carefully timed. This must not commence too early or a ragged joint will occur that will break down easily under traffic. If it is left too late, the stresses resulting from thermal shrinkage will cause cracks to occur ahead of the cutting. It is also important to commence saw-cutting at locations of maximum stress, such as internal The use of flexible sealants in narrow joints subject to fork-lift traffic is not cost-effective. These provide little arris support and are often 'plucked out' by the rubber tyres of the trucks. Clients need to be educated in the need for the two-stage ' hard' sealing process, clearly only the aisles and free-movement areas of warehouses needing to be resealed, at, for example, the end of the defects liability period.
32. Due account must be taken of the proposed traffic by the specifier at the time of slab design. For example, if small steel wheels are to be used in the facility even narrow, well-formed and sealed joints will suffer degradation over time. Either the client should be persuaded to change the tyre material, or a jointless floor slab will need to be specified. 34. Where there are no racks, or no indication is given of the materials handling system to be used, tolerances should be specified that allow some form of large-pour system to be adopted, with a view to eliminating as many construction joints as possible. Floors to speculative warehouse developments should not therefore be specified to flatness tolerances that demand narrow strip construction. The alternative is a floor with a large number of potentially troublesome joints, which in all probability will remain exposed for all of the slab's working life, and with the tolerances at these joints almost certainly outside the specification. Also, at the time of construction of the slabs to such buildings traffic paths, by definition, are not known. In order to achieve and measure the most onerous tolerances, the wheel track path of the fork-lift trucks etc. must be known before floor laying begins.
35. An attempt has been made in Technical Report 34* to address the most fundamental of the issues, namely that of producing a specification that is acceptable to the materials handling equipment suppliers, is clear and unambiguous, is achievable in practice, and can be measured relatively straightforwardly.
However, disputes continue. Despite improved clarity in the second edition of this document, specifiers still select inappropriate tolerances, and choose particular criteria from various sections of the categorised tolerances. Table 7.1  of Technical Report 34, reproduced here as   Table 3 , should be used as it is written; if this is done, warehouse floor slabs specified and constructed -and checked for compliance -in accordance with the tolerances shown will be fit for the purpose described.
The free movement area tolerances of
Technical Report 34, second edition, have caused some controversy among floor-laying contractors. However, there is a need for short-wavelength tolerances to be controlled in such areas, and this ' flatness' is no more Table 3 . Description of the properties offlatness for defined movement areas 
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difficult to achieve than the 3 m grid tolerance specified in the first edition of the document. It can be achieved by large-pour techniques, but some relaxation in the 3 m grid tolerance could be appropriate in future revisions to the document, as this tends to be less critical provided that short-wavelength and overall level requirements are met. Also, the 3 m grid tolerance itself is a recipe for dispute. For example, if the random 3 m grid fails to pick up an area clearly out of tolerance, should the grid then moved to ensure that it covers this area (and in all probability miss another)? How are out-of-tolerance areas rectified? Is some type of contour plan to be used to determine the extent of remedial work? Materials handling equipment suppliers should be consulted before the tolerance specification is decided upon, and before work starts on site complete clarity needs to be established on how the floor is to be measured, by whom, and what is to be done if areas are found to be out of tolerance. A reasoned judgement should always be made by an informed specialist in the event of any dispute.
Other disputes centre around
measurements with respect to a straight edge laid on the floor. Part 2 of BS 8204 incorporates such a specification.10 Table 1 constructed initially to these tolerances, it will not be within tolerance if the aisles are rotated through 90c from that defined at the time of construction, neither will it have been measured outside of the predetermined paths of truck travel, and it will almost certainly not be within tolerance adjacent to the joints. Therefore, even a lateral movement of the racking system will require another survey and some grinding work. Further, over time the construction joints will probably curl even more out of tolerance. As with the selection of joint locations in the slab, floor tolerances should be specified for the materials handling system and racking system proposed at the time of commissioning of the facility, with the method of construction and finishing techniques specified so as to give the maximum flexibility of operation in the future.
40. Warehouse floor slabs should always be checked for compliance as work proceeds. Electronic floor measurement devices are now available from a number of specialist floor-survey companies to simplify this essential procedure. European standards, would provide the most appropriate route to elevating the importance of the correct design and construction of the floor slab to a level equivalent to the economic consequences of its failure to be fit for purpose.
